Structure, stability, dynamics, and the electronic structure of small sodium clusters with 2 to 12 atoms adsorbed on the NaCl͑001͒ surface are studied using an ab initio total energy method. The interaction between the ideal surface and the metal cluster is found to be weak due to a large energy gap between the surface and the cluster single-electron states. As a result, the geometry and the electronic structure of the smallest clusters ͑Nр6͒ is distorted only slightly if compared to the free clusters. For larger sizes it seems possible to have both 2D and 3D structure isomers with a notable interisomeric energy barrier. The cluster binding energy to the surface has a local maximum at Nϭ6 which we interpret to be caused by electronic shell effects in 2D. The weak cluster-surface interactions are modified dramatically in the presence of surface F centers ͑missing chlorine atoms͒. The F center increases the adsorption energy of sodium adatom by 1 eV and changes the nature of adsorption from physisorption to chemisorption. Similarly, the binding of small sodium clusters to the surface is enhanced by F centers.
I. INTRODUCTION
Much of the recent effort in cluster science has been directed to unveil the wealth of phenomena associated with the interactions of atomic clusters with solid substrates. [1] [2] [3] [4] [5] [6] [7] Three main motifs can be seen for such studies: one is to use ͑often energetic͒ cluster beams to modify properties of the substrate, particularly the structural, electronic, and magnetic properties of its surface. Second, chemical properties of the cluster can often be modified by energetic collisions with a substrate. Third, a sample of clusters can be collected by ''soft-landing'' it on a solid substrate, which often eases the analyzation process compared to the free flying cluster beam. In the third case one is interested in knowing the properties of the free clusters. It is then obvious to ask how the clusters' properties are affected in the presence of the supporting surface. In most cases weakly interacting smooth surfaces ͑such as the basal plane of graphite͒ are used for supporting the clusters, but even a smooth surface can have point defects or steps which can locally strongly modify the cluster-surface interaction.
Most metal clusters are reactive resulting from the tendency of their delocalized valence electrons to hybridize with the available substrate electronic states. This hybridization can be expected to have a minor role if there exists a large energy gap between the surface and cluster electronic states, or if the cluster has a closed-shell electronic structure, which in the case of free clusters is referred to as a ''magic'' behavior. 8 For larger cluster sizes, also the closing of a geometric shell in the atomic structure makes the cluster more stable, as was demonstrated in the case of nanometer-scale gold clusters soft-landed on thin carbon films. 5 This paper reports results of ab initio calculations of small metal clusters ͑sodium͒ deposited on an electronically inert surface ͓͑001͒ surface of an insulator NaCl͔. Our system provides an example of weak cluster-surface interactions which can however be easily modified by introducing a structural and at the same time electronic defect of the substrate. We note here that small alkali-halide ͑AH͒ clusters ͓particularly nonstoichiometric clusters A m H n (m n)͔ have recently been studied intensively both theoretically and experimentally. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] These systems portray a range of phenomena from various electron localization modes in slightly halogen-deficient ͑n/mϷ1͒ clusters to surface-segregation of a metallic part in a metal-rich ͑n/mӶ1͒ cluster. The system can then be thought to be composed as ͑AH͒ n A mϪn , i.e., a metallic ''cluster'' A mϪn attached to an ionic part ͑AH͒ n . Recently it was demonstrated 10 that, e.g., the Na 14 Cl 9 ͑Na 14 Cl 9 ϩ ͒ cluster has a surface-segregated component Na 5 ͑Na 5 ϩ ͒ which is thermally considerably stable. Surfacesegregation may occur also on the surfaces of bulk ionic crystals, and similar aggregation of metal clusters could then be expected.
Our aim is to study systematically the cluster sizes for Nр12. Detailed comparisons to calculations of free clusters of the same size range show that the defect-free substrate affects only slightly the electronic structure and the geometry of the cluster up to Na 6 . For larger sizes it seems possible to have stable two-and three-dimensional adsorbed structures, where the interisomeric barrier relates to the change of dimensionality in the electronic structure of the cluster. Here we concentrate particularly on the Na 8 cluster which is ''magic'' as a free 3D cluster. If deposited in a 3D structure, the cluster remains thermally stable in its initial geometry and exhibits dynamical properties closely resembling those of the free 3D Na 8 cluster. In addition to calculations involving an ideal substrate we also introduce a defect ͑chlorine vacancy͒ which is analogous to the F-center in bulk ionic crystals. 22 The surface F-center binds strongly with a sodium adatom and increases the binding energy by 1 eV, changing the character of adsorption of a single sodium adatom from physisorption to chemisorption. We discuss the adsorption characteristics of the sodium adatom both on the ideal and defected surface and study some F center-metal adatom complexes. A preliminary discussion on part of the results has been given in previous short reports. 23, 24 The computational method is briefly described in Sec. II, followed by a discussion of the results in Sec. III. Section IV summarizes and concludes the paper.
II. METHOD
The calculations are done using the BO-LSD-MD ͑Born-Oppenheimer local-spin-density molecular dynamics͒ method devised by Barnett and Landman, fully documented in Ref. 25 , to which we refer the reader for details. In the BO-LSD-MD method one solves for the Kohn-Sham oneelectron equations ͑using a suitable parametrization for the local spin-density approximation to calculate the exchangecorrelation part͒ for the valence electrons of the system corresponding to a given nuclear configuration of the classical ions. From the converged solution the Hellmann-Feynmann forces to ions can be calculated, which together with the classical Coulomb repulsion between the positive ion cores ͑which are treated as point charges͒ determine the total forces to ions, according to which one can perform structural optimizations ͑energy minimizations͒ or classical molecular dynamics for the ions. The fully converged solution for the electronic structure is obtained for each successive ionic configuration in the course of an optimization or a molecular dynamics run, which ensures that the positions of the ions are advanced in such a manner that the whole system follows dynamics on the Born-Oppenheimer energy surface. The current implementation uses plane waves combined with fast Fourier transform techniques as the basis for the one-electron wave functions and norm-conserving, nonlocal, separable pseudopotentials by Troullier and Martins 26 to describe the valence electron-ion interaction, and the LSD parametrization by Vosko, Wilks, and Nusair. 27 The method was initially devised for simulations of finite systems ͑clusters and molecules͒ with free boundaries ͑i.e., without periodic replicas of the ionic system͒ and has been recently successfully used to study a number of systems, such as pure metal clusters, 28, 29 metal-metal, 30 metal-halogen, 10 and metal-group IV composite clusters, 31 and also computationally demanding molecules, such as water, ammonium, and their complexes. 25, 32 The original method has recently been modified 33 for studies of periodic systems like bulk matter or surfaces. The essential modification includes the calculation of the local part of the pseudopotential energy in momentum space by using the structure factor of the ions and the Fourier expansion of the potential and the valence electron density 34 and the use of Ewald summation technique for the ion-ion Coulomb energy. In this work we use the modified version of the method.
In the following we discuss the computational aspects pertinent to our work. The NaCl͑001͒ substrate is constructed parallel to the xy-plane of the computational cell, spanned by the elementary directions ͓100͔ (x) and ͓010͔ (y), with N l layers and N xy sites per layer for ions of alternating charge. Periodic boundary conditions are imposed in each Cartesian direction. We use five different setups ͑A-E͒, depending on the size of the adsorbed cluster, and Table I summarizes the cell parameters. We have confirmed that the variations in the cell dimensions do not significantly change the calculated binding energies. The pseudopotentials 26 for Cl 3s 2 3 p 5 and Na 3s 1 valence electrons have been generated and tested in previous studies of alkali-halide clusters, 10 and a typical plane-wave kinetic cutoff energy of Ϸ10 Ry is found to yield satisfactory accuracy and enable feasible calculations in our studies which span a wide range of systems from about 60 to 300 valence electrons with basis sets of 13 000 to 44 000 plane waves ͑Table I͒. In calculating the density-related terms in the Kohn-Sham equations we approximate the Brillouin zone sampling by using only the ⌫ point of the supercell.
In the optimization or molecular dynamics runs all the substrate atoms are fixed at their bulk lattice positions corresponding to the lattice parameter of 5.64 Å. 35 The sodium clusters are initially placed within the vacuum region 3.5-4 Å from the substrate, and the total energy of the system is then minimized by allowing the cluster degrees of freedom to relax by a conjugate-gradient method. Energy minimizations are started mainly from the known geometries of the free clusters, but in some cases for Nу5 variations to the initial geometry are done in repeated minimization procedures. The molecular dynamics runs are done using a fifthorder predictor-corrector method 36 to integrate the equation of motion for cluster ions with a time step of 3-5 fs, which ensures an excellent conservation of the total energy. 10 Equilibration of the system is done when needed at random intervals during the first 0.5-1.0 ps of the run by drawing new velocities of ions from the Maxwell-Boltzmann distribution corresponding to the desired temperature. After the equilibration phase the system is left to evolve at constant total energy.
III. RESULTS AND DISCUSSION

A. Na adatom: From physisorption to chemisorption
We begin discussing our results by studying the adsorption characteristics of a single sodium adatom on the ideal NaCl͑001͒ surface. Figure 1 shows schematically the 2D surface unit cell and the path along which we have optimized the surface-adatom distance at selected locations. The opti- mal adsorption site is found to be on top of a substrate Cl Ϫ ion 2.80 Å above the surface plane. The largest variation in the substrate potential ͑Ϸ0.2 eV͒ and in the adsorption height ͑Ϸ0.6 Å͒ occurs at a saddle-point position atop the substrate Na ϩ ion. The optimal diffusion path for the adatom goes along the diagonal ͑ACD in Fig. 1͒ of the surface unit cell, essentially parallel to the surface plane, and with the diffusion barrier of 0.08 eV. From the curvature of the potential atop the substrate Cl Ϫ ion we estimate the vibration energies of 2.6 meV and 8.8 meV for in-plane and out-ofplane modes, respectively. Using a simple thermally activated hopping model with the calculated values for the inplane vibration frequency and the diffusion barrier, we find that at room temperature the adatom self-diffusion constant should be of the order of 2ϫ10 Ϫ5 cm 2 /s. We note however that in reality the metal adatom diffusion on this surface may include more complicated, such as atomic exchange mechanisms, which we have not attempted to study here.
We calculate the adsorption energy E A by
where the terms appearing on the right are the total energies of the pure substrate (E s ), free sodium atom (E a ), and the adsorbed system (E sϩa ), obtained from three independent calculations using the same supercell. The calculated value for the adsorption energy with the LSD approximation is 0.61 eV. If the gradient-corrections to the LSD result are included as described in Ref. 25 the adsorption energy reduces to 0.40 eV. 37 Figures 2͑a͒ and 2͑b͒ show the Kohn-Sham ͑KS͒ eigenvalues at the ⌫ point of the supercell for the pure substrate and for the adsorbed Na/NaCl͑001͒, respectively. The highest occupied KS state in Fig. 2͑b͒ , associated with the adatom, lies about 3.6 eV above the ''band'' formed by the 3 p electrons of substrate chlorine ions. Figure 3͑a͒ shows a density contour plot of the KS state of the adatom at the optimal adsorption site. While a fraction of the density is localized in the vicinity of the underlying chlorine ion, main part of the density is pushed to the vacuum side of the adatom. We see no signs of formation of a chemical bond between the adatom and the surface. We have not been able to find any experimental data on the characteristics of sodium adatoms on sodium-chloride surfaces, hence our results serve as theoretical predictions. In this context we wish to note that a very recent ab initio study 38 of Cu, Ag, and Au atom adsorption on NaCl͑001͒, using the Hartree-Fock method with second-order perturbation theory and embedded-cluster approach, concludes that the interaction between the nobel metal adatom and the surface is very weak without any noticeable signs of the formation of a chemical bond.
The results discussed above indicate that the nature of adsorption of the sodium adatom can be characterized as physisorption. This picture changes dramatically if we introduce a simple defect on the ideal surface by removing a surface chlorine atom ͑keeping the system neutral, i.e., with removal of seven valence electrons͒. This creates a defect which is analogous to F-centers ͑color centers͒ in bulk   FIG. 1 . The NaCl͑001͒ surface unit cell and the route A→B→C→A, along which the adatom was moved to study the adsorption potential. The nearestneighbor distance in the substrate ABϭ2.82 Å. A and B are the positions of the substrate Cl Ϫ and Na ϩ ions, respectively.
FIG. 2. KS one-electron energy levels at the ⌫ point for ͑a͒ the pure NaCl substrate, ͑b͒ Na/NaCl͑001͒ system, ͑c͒ substrate with the F center, and ͑d͒ the adatom-F center complex. For each set of levels both spin orientations are shown, the up-spin on the left and the down-spin on the right ͑when these are degenerate a long horizontal line is drawn͒. The shortest lines correspond to unoccupied levels and the longer ones to occupied levels. alkali-halides. 22 The ''excess electron'' ͑the electron which is not involved in forming the closed shells of the substrate chlorine ions͒ localizes at the chlorine vacancy, taking as part the role of a negative chlorine ion ͓Fig. 3͑b͔͒. Similar localization modes of excess electrons are found in halogendeficient alkali-halide clusters. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The KS eigenvalue associated with the excess electron ͓Fig. 2͑c͔͒ is located in the gap between the occupied and empty substrate states and happens to be very close to the eigenvalue of the electron of the Na adatom ͓Fig. 2͑b͔͒. The excess electron forms a spinpair with the electron of the sodium adatom ͓Figs. 2͑d͒ and 3͑c͔͒ which results in a clear chemical bond between the adatom and the F-center ͓Fig. 3͑d͔͒. As a result, the adatom binding energy increases to 1.58 eV, the optimal adsorption height reduces to 2.17 Å, and the out-of-plane vibrational frequency shifts to 6.9 meV.
B. Clusters Na 2 -Na 8 and Na 12
The optimized structures for 2D Na N /NaCl͑100͒, Nϭ2-8, 12, are shown in Fig. 4 . The mean bond lengths in the cluster and the mean distance of the cluster atoms from the surface plane are given in Table II . On average, the adsorbed clusters lie 3.0-3.1 Å above the surface plane, which is slightly more than at the adsorption site of a single Na adatom ͑2.80 Å͒. It is obvious from Fig. 4 that Na atoms tend to locate themselves on top of substrate Cl Ϫ ions. However, the Cl Ϫ -Cl Ϫ distance ͑3.99 Å͒ is slightly more than the typical bond length in the free sodium cluster, and the geometry cluster takes on the surface is a result of the competition between the energy cost paid to the corrugations in the substrate potential and the interactions within the cluster. We note that for Nр4 the symmetry of the surface cluster follows that of the free cluster; 39,40 Na 3 /NaCl͑100͒ is a deformed triangle (C 2v ) with the Na-Na bond length of 3.24 Å ͑3.15 Å for the free cluster͒ and the apex angle 95.0°͑84.6°͒, and Na 4 /NaCl͑100͒ is a rhombus (D 2h ) with the Na-Na bond length of 3.48 Å ͑3.42 Å͒ and the sharp angle 57.1°͑ 52.2°͒. The bond length of the adsorbed dimer is 3.18 Å ͑2.99 Å͒. For Nϭ5,6 the geometry of the adsorbed cluster is still close to that of the free cluster, but the corrugation of the substrate potential starts to play a greater role and the exact symmetries of the free cluster are broken. We note particularly the lowering of the symmetry (C 5v →C 2v ) for Nϭ6. Beyond Nϭ6, the 2D nature of the adsorbed cluster makes it drastically different from the free cluster.
We show in Table II and in Fig. 5 the calculated binding energy 41 E B of the cluster to the surface ͑energy per cluster atom to dissociate the adsorbed cluster into noninteracting neutral atoms͒
By adding and substracting the total energy of the cluster, E c , in Eq. ͑2͒ we rearrange the terms and interpret E B as the sum of the cluster adsorption energy
and the cluster dissociation energy
Optimized structures of Na 2 ͑top, left͒ to Na 12 ͑bottom, right͒ on NaCl͑001͒. Cluster atoms are shaded black, and white large and small circles depict substrate Cl Ϫ and Na ϩ ions, respectively. In order to aid visualization, ''bonds'' between cluster atoms are drawn using a cutoff value of 3.7 Å. TABLE II. Mean bond length d within the adsorbed cluster, mean distance z of the cluster atoms from the surface, adsorption energy E A , and binding energy E B of the cluster to the surface for Na N /NaCl͑001͒, 1рNр12. The computational cell used for each cluster size is denoted by labels explained in Table I The decomposition of E B into E A , E D is also shown in Fig.  5 . The most interesting feature in Fig. 5 is the local maximum of E B at Nϭ6. We interpret this as an electronic shell effect in 2D. Considering the 2D adsorbed Na 7 it is clear that the seventh valence electron has to occupy an orbital parallel to the surface having d-character, whence in the free 3D Na 7 cluster a p-type orbital is occupied. Six valence electrons thereby close a p-like shell in the 2D shell structure. In this context we want to remark that very recent 2D-jellium calculations on both free 42 and adsorbed 43 alkali clusters yield Nϭ6,12 as ''magic numbers.'' In the jellium model these clusters have circular shape. 42 For comparison we show the shape of the valence electron distribution of adsorbed Na 12 in Fig. 6 . 44 The shape follows closely the C 3v symmetry of the ionic configuration ͑Fig. 4͒. We further remark that Na 8 which is magic in 3D is now an open-shell cluster and, indeed, is strongly deformed from the circular symmetry, in analogy with open-shell 3D clusters, such as Na 14 , which is far from being spherical. 29 Finally, we remark that while the binding energy per atom has clear odd-even alternations in free clusters, 8 they seem to be absent in E B . The reason for that is seen in Fig. 5 ; the odd-even staggering in the dissociation energy E D of the cluster is canceled by the alternations in the cluster adsorption energy E A . The sizedependence of E A is obviously related to the crystal geometry of the surface and the behavior which almost exactly cancels out the odd-even staggering in E D is a fortuitous effect of the ͑001͒ surface structure.
C. Dynamics of the Na 8 cluster
Free sodium clusters beyond Na 6 are three-dimensional. 8 It is then of interest to study what is the effect of the substrate on the dimensionality and stability of a cluster, deposited initially in a 3D structure at finite temperature. We have chosen to study Na 8 by molecular dynamics at temperatures relevant to experiments.
We select the dodecahedron (D 2d ) as the initial geometry for the cluster, 45 and bring the cluster in the vicinity of the surface such that one of its twelve triangular facets is parallel to the surface, and locate the nearest energy minimum of the system by a short quenching molecular dynamics run. The dynamics of the cluster is followed in three microcanonical runs, where the temperature 46 sets at about 350, 600, and 1100 K, with a duration of 9.5, 9.8, and 6.0 ps, respectively. Figure 7 compares the distribution of KohnSham ͑KS͒ levels associated to the cluster, time-averaged over the run at 350 K, to those obtained for a free cluster at 550 K. 29 Noting the difference in the cluster temperature, it can be concluded that the thermally averaged structure of the occupied states of the adsorbed cluster is virtually identical to that of the free cluster. A similar agreement of the distributions is seen also in the run at 600 K. Analysis of the dynamical properties of the adsorbed cluster, such as diffusion constant and the Fourier spectrum of the velocity autocorrelation function provides further support to the conclusion that the adsorbed 3D Na 8 on NaCl͑001͒ behaves at these temperatures very much like a free 3D cluster.
We wish to remark that we have confirmed the thermal stability of the adsorbed 2D Na 8 ͑shown in Fig. 4͒ by separate independent molecular dynamics runs. Accordingly, we arrive at a conclusion that a notable energy barrier must exist between the 2D and 3D isomers. This raises an interesting question about the temperature range in which and the mechanism by which a dynamic transition from a 3D to a 2D structure would take place. Such a transition is made possible by the fact that a 2D structure is necessarily more open, causing the vibrational spectrum to shift into lower frequencies, which lowers the vibrational contribution of the total free energy. 47 We were able to see the transition in a simulation performed at 1100 K ͑Figs. 8 and 9͒. Figure 8 shows the time evolution of the cluster KS energies during the portion of the simulation where the transition took place. The transition is characterized by the closing of the HOMO-LUMO gap ͑at about 28 ps in Fig. 8͒ , by the broadening of the p-type states, and the decrease of the s, p-gap. After the transition the HOMO-LUMO gap opens again which stabilizes the 2D structure. Figure 9 visualizes the process by showing atomic configurations of the cluster before and after the transition. 
D. Surface F-center-adatom complexes
As discussed at the end of Sec. III A, a surface F center increases significantly ͑by 1 eV͒ the binding energy of the sodium adatom to the surface, hence playing an important role in modifying the cluster-surface interaction due to the fact that F centers are one of the most common defect types at real surfaces of alkali-halide crystals. 48 In bulk alkalihalides F centers can form multiple defect complexes, such as M center, R center, and so on. 22 Such defect complexes are seen also in nonstoichiometric alkali-halide clusters. 9, 10 At the surface the excess electrons of an F center complex containing N chlorine vacancies can form spin-pairs with electrons of an N-atom sodium cluster, thus enhancing the binding of the cluster to the surface. We have estimated the binding energy of Na 2 and Na 4 clusters in the presence of multiple F centers by placing the cluster atoms about 2.2 Å above the underlying chlorine vacancies. The resulting binding energies are shown in Table III. By comparing Tables II  and III one can see that F centers enhance the binding by about 0.4 eV/atom. This is in fact a low-limit estimate since we have not allowed relaxations neither within the cluster nor in the surface layer.
IV. SUMMARY AND CONCLUSIONS
The purpose of our work is to contribute in understanding the basic interactions between small metal clusters and insulating surfaces. We have chosen to investigate Na N /NaCl͑001͒ system using a well-tested ab initio total energy method. Previous experimental and theoretical information about interactions between metal clusters and insulating crystal surfaces is scarce. We have studied the adsorption characteristics of a sodium adatom as well as the structure, stability, and electronic structure of adsorbed clusters in the size range of Nϭ2-8,12.
Our results are summarized as follows. The nature of adsorption of a single sodium adatom on the NaCl͑001͒ surface can be characterized as physisorption without any significant spatial overlap between the surface and the adatom one-electron states. The optimal adsorption site is atop a chlorine ion. In case that the surface contains a chlorine atom vacancy ͑surface F center͒ the nature of adsorption changes drastically and can be characterized as chemisorption. Similarly, the binding of clusters to the surface also gets stronger if F centers are present at the surface.
The effect of the undefected surface on the geometry and the electronic structure of the adsorbed clusters is very weak, due to a clear gap between the substrate and the cluster electronic states. The binding energy per cluster atom has a local maximum at Na 6 which we interpret to be caused by 2D electronic shell effects. For clusters larger than Na 7 both 2D and 3D adsorbed structures seem to be thermally stable. As an example we have studied the dynamics of the 3D Na 8 cluster on the surface. At temperatures relevant to experiments the dynamic structural and electronic properties of the cluster are very similar to the free 3D ''magic'' Na 8 . A transition to 2D structure can be seen if the simulation is performed at high enough temperature. The structural transition is accompanied by a corresponding change in the electronic shell structure.
We have demonstrated that modern ab initio total energy methods can yield valuable information on cluster-surface interactions, which then can be used as a database for simpler models 43 to access phenomena in the larger size-range of clusters. We hope that our work will stimulate further experimental and theoretical studies in this important and rapidly expanding field.
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